In vivo, ectopic accumulation of fatty acids in muscles leads to alterations in insulin signaling at both the IRS1 and Akt steps. However, in vitro treatments with saturated fatty acids or their derivative ceramide demonstrate an effect only at the Akt step. In this study, we adapted our experimental procedures to mimic the in vivo situation and show that the double-stranded RNAdependent protein kinase (PKR) is involved in the long-term effects of saturated fatty acids on IRS1. C2C12 or human muscle cells were incubated with palmitate or directly with ceramide for short or long periods, and insulin signaling pathway activity was evaluated. PKR involvement was assessed through pharmacological and genetic studies. Short-term treatments of myotubes with palmitate, a ceramide precursor, or directly with ceramide induce an inhibition of Akt, whereas prolonged periods of treatment show an additive inhibition of insulin signaling through increased IRS1 serine 307 phosphorylation. PKR mRNA, protein, and phosphorylation are increased in insulin-resistant muscles. When PKR activity is reduced (siRNA or a pharmacological inhibitor), serine phosphorylation of IRS1 is reduced, and insulin-induced phosphorylation of Akt is improved. Finally, we show that JNK mediates ceramide-activated PKR inhibitory action on IRS1. Together, in the long term, our results show that ceramide acts at two distinct levels of the insulin signaling pathway (IRS1 and Akt). PKR, which is induced by both inflammation signals and ceramide, could play a major role in the development of insulin resistance in muscle cells.
In vivo, ectopic accumulation of fatty acids in muscles leads to alterations in insulin signaling at both the IRS1 and Akt steps. However, in vitro treatments with saturated fatty acids or their derivative ceramide demonstrate an effect only at the Akt step. In this study, we adapted our experimental procedures to mimic the in vivo situation and show that the double-stranded RNAdependent protein kinase (PKR) is involved in the long-term effects of saturated fatty acids on IRS1. C2C12 or human muscle cells were incubated with palmitate or directly with ceramide for short or long periods, and insulin signaling pathway activity was evaluated. PKR involvement was assessed through pharmacological and genetic studies. Short-term treatments of myotubes with palmitate, a ceramide precursor, or directly with ceramide induce an inhibition of Akt, whereas prolonged periods of treatment show an additive inhibition of insulin signaling through increased IRS1 serine 307 phosphorylation. PKR mRNA, protein, and phosphorylation are increased in insulin-resistant muscles. When PKR activity is reduced (siRNA or a pharmacological inhibitor), serine phosphorylation of IRS1 is reduced, and insulin-induced phosphorylation of Akt is improved. Finally, we show that JNK mediates ceramide-activated PKR inhibitory action on IRS1. Together, in the long term, our results show that ceramide acts at two distinct levels of the insulin signaling pathway (IRS1 and Akt). PKR, which is induced by both inflammation signals and ceramide, could play a major role in the development of insulin resistance in muscle cells.
In healthy subjects, the balance between glucose production and utilization is controlled carefully. When circulating glucose reaches a critical threshold, pancreatic ␤ cells secrete insulin, which increases glucose uptake by skeletal muscles and inhibits hepatic glucose production. Under conditions of lipid oversupply from the diet, the capacity of adipose tissue to store fatty acids is overwhelmed, and fatty acids accumulate in peripheral tissues such as skeletal muscles or liver. Strong evidence indicates that lipid accumulation in peripheral tissues is linked to the development of insulin resistance observed during obesity or type 2 diabetes. In rodents fed a high-fat diet (HFD), 3 insulin resistance is observed in skeletal muscle because of alteration of the insulin signaling pathway both at the IRS1 and Akt steps (1) (2) (3) .
Among lipids, ceramide is involved in the onset of muscle insulin resistance (4) . Ceramide is distributed widely in cell membranes where, beyond a structural function, it has a key role in intracellular signaling, regulation of growth, proliferation, migration, apoptosis, and differentiation (5, 6) . Under conditions of fatty acid overload, ceramide is mainly synthetized by de novo synthesis from saturated fatty acids such as palmitate (4) .
The key role of ceramide in diet-induced insulin resistance has been demonstrated in studies using genetic or pharmacological inhibition. For example, inhibition of serine palmitoyl transferase, the first enzyme that regulates de novo synthesis of ceramide from palmitate (7) , is sufficient to restore muscle and whole-body insulin sensitivity in animals fed a HFD (8 -10) . The mechanisms by which ceramide inhibits insulin signaling have been elucidated in vitro, but they only partially recapitulate what is observed in vivo in muscles of HFD-fed animals. We and others have shown in muscle cell lines that ceramide does not target the insulin signaling pathway through an inhibition of IRS1 activity but, rather, by specifically inhibiting Akt by two alternative mechanisms involving atypical protein kinase C (PKC) (11) (12) (13) (14) (15) or protein phosphatase 2A (PP2A) (16) . We have demonstrated recently that the ceramide-activated PKC pathway prevails in human myotubes (17 mented, those involved in the inhibition of IRS1 remain unknown.
The double-stranded RNA-dependent protein kinase (PKR) could play a role in this process. PKR is an interferon-induced protein that is part of the innate immune response and inhibits viral replication. During viral infection, PKR is activated by double-stranded RNAs produced by viruses. The PKR main target is the eukaryotic initiation factor 2␣ (eiF2␣), phosphorylation of which leads to translation inhibition and enables the cell to block viral protein translation (18) . PKR also plays an important role in modulating insulin signaling (19 -21) . Mice with a global PKR invalidation display improved insulin sensitivity when fed an HFD (20) . Chronic administration of PKR inhibitors to obese and diabetic mice improves both their insulin sensitivity and glucose tolerance (21) . In fibroblasts, PKR interferes directly with insulin signaling by phosphorylating IRS1 on serine residues or indirectly by activating stress proteins such as JNK (22) .
Because both palmitate and ceramide are PKR activators (19) , we hypothesize that PKR could be the missing link between ceramide and its deleterious effects on insulin signaling at the IRS1 level in muscle cells. In this study, we provide evidence that palmitate and ceramide inhibit insulin signaling acutely at the Akt level and chronically at the IRS1 level through a PKR/JNK pathway.
Experimental Procedures
Reagents-Reagent-grade chemicals, insulin, palmitate, BSA, and the JNK inhibitor SP600125 were purchased from Sigma-Aldrich. C 2 -ceramide and imoxin were obtained from Calbiochem. Complete protein phosphatase inhibitor tablets were obtained from Boehringer-Roche Diagnostics. Antibodies against native Akt, Ser 473 Akt, Thr 308 Akt, Thr 183 /Tyr 185 JNK, ␤-actin, and native IRS1 were from Cell Signaling Technology (New England Biolabs). Thr 451 PKR and native PKR were from Santa Cruz Biotechnology. Ser 307 IRS1 and Tyr 612 IRS1 were from Upstate. Horseradish peroxidase anti-rabbit and antimouse IgGs were from Jackson ImmunoResearch Laboratories, and the enhanced chemiluminescent substrate was from Pierce-Perbio Biotechnology. 2-Deoxy-[ 3 H]D-glucose was from PerkinElmer Life Sciences. PKR siRNA sequences and non-target siRNA were from Santa Cruz Biotechnology, and Dharma-FECT transfection reagent was from Thermo Scientific.
Animals-Ten male C57/BL6 mice (Charles River Laboratories) were housed in a temperature-controlled room and maintained on a 12/12-h light-dark cycle and had free access to food and water. Mice were assigned randomly to a low-fat diet (10% calories from fat, Research Diets Inc.) or an HFD (60% calories from fat, Research Diets Inc.) and fed their respective diet for 8 weeks before being sacrificed. Gastrocnemius muscle was collected, snap-frozen, and stored at Ϫ80°C. All procedures were approved by the Regional Ethics Committee in Animal Experiments no. 3 of Ile-de-France.
Cell Culture-C2C12 myoblasts were grown and differentiated as myotubes as described previously (23) .
Human Skeletal Muscle Cells-Biopsies from healthy adult lean volunteers were obtained in the context of approved preclinical and clinical trials (24) and via the Tissue Bank for Research (Myobank) of the French Association against Myopathies in agreement with the French bioethical law (law no. 94-654, July 29, 1994, modified January22, 2002) regarding informed consent. Muscle samples from adult diabetic patients were obtained from healthy tissue after leg amputation. Donors had no clinical signs of muscular disease, and sampled tissues had no bacterial contamination. Fresh muscle samples were minced and dissociated enzymatically with collagenase. Satellite cells were purified, grown, and differentiated as myotubes as described previously (23) .
Immunoblotting-Frozen tissues or cells were homogenized in an appropriate volume of lysis buffer, and cell lysates were subjected to SDS/PAGE and immunoblotted as described previously (25) .
Fatty Acid Treatment-Cells were treated with palmitate conjugated with fatty acid-free BSA as described previously (23) .
Analysis of Sphingolipid Content-Sphingolipids were extracted and assessed as described previously (26) .
Real-time Quantitative RT-PCR Analysis-Total RNA was isolated as described previously (23) . Real-time quantitative RT-PCR analyses were performed as described previously (23) . Primer sequences for PKR expression analysis were as follows: 5Ј-CCTGTCCTCTGGTTCTTTTGCT-3Ј and 5Ј-GATGAT-TCAGAAGCGAGTGTGC-3Ј (human) (27) and 5Ј-AAAACA-AGGTGGATTGTCACACG-3Ј and 5Ј-GTTGGGCTCACAC-TGTTCATAAT-3Ј (mouse).
IRS1 Immunoprecipitation from C2C12 Lysates-C2C12 myotubes were lysed and IRS1 as described previously (28) .
Transfection of Cells with PKR siRNA-25 nmol/liter of PKR siRNA or the same amount of non-target siRNA were transfected into C2C12 myotubes using DharmaFECT transfection reagent according to the instructions of the manufacturer, and the cells were sampled 96 h later.
Glucose Transport-C2C12 myotubes were washed rapidly with HEPES-buffered saline, and glucose uptake was assayed as described previously (29) .
Statistics-Results are expressed as mean Ϯ S.E. Statistical significance was assessed using one way analysis of variance. p value Ͻ 0.05 was considered significant.
Results

Chronic Fatty Acid Treatment Inhibits IRS1 Function in Muscle and in Cultured
Myotubes-In skeletal muscle of mice fed an HFD, we observed a 3-fold increase in IRS1 serine 307 phosphorylation ( Fig. 1A ). Phosphorylation of this specific residue has been associated extensively with a loss of the insulin signal (30 -32) . Concomitantly, a 40% decrease in Akt threonine 308 phosphorylation was also observed in muscle lysates of HFDtreated mice compared with control mice (Fig. 1A) , confirming impaired activation of the insulin signaling pathway in muscles of HFD-treated mice.
Until now, these results obtained in vivo could not be reproduced in vitro. Indeed, treatment of C2C12 myotubes with an excess of palmitate for up to 16 h prevented insulin-induced Akt phosphorylation without any serine phosphorylation of IRS1 ( Fig. 1B) . We tried to mimic the in vivo situation by treating C2C12 myotubes for longer periods (48 h) with lower con-centrations of palmitate (0.25 mmol/liter) to avoid cell death (33) . Fig. 1C shows that ceramide concentrations increased 3-fold in cells incubated with palmitate for 16 and 48 h. Figs. 1B shows that, as observed in vivo, 48-h palmitate treatment induced an increase in IRS1 serine 307 phosphorylation. Concomitantly, we observed a decrease in IRS1 tyrosine 612 phos-phorylation ( Fig. 1D ). In parallel, phosphorylation of Akt was impaired in response to insulin ( Fig. 1D) .
We have shown previously that ceramide is responsible for the acute deleterious effect of palmitate on insulin signaling in muscle (4, 34) . We therefore inhibited sphingolipid synthesis with myriocin, an inhibitor of serine palmitoyl transferase. Fig. FEBRUARY 5, 2016 • VOLUME 291 • NUMBER 6
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1E shows that exposure of C2C12 myotubes to palmitate for 48 h induced an increase of sphinganine (ceramide precursor), total ceramide, and sphingosine-1-phosphate (a ceramide derivative). As expected, sphingolipid metabolism was inhibited after pretreatment of cells with myriocin ( Fig. 1E ). As shown in Fig. 1D , the deleterious effect of 48-h palmitate treatment was totally abolished for IRS1 and Akt after pretreatment of cells with myriocin, demonstrating that chronic palmitate action on insulin signaling occurred through ceramide.
We reproduced the long-term action of palmitate by treating C2C12 myotubes directly with a cell-permeable, short-chain C 2 -ceramide analogue. When added to cells, C 2 -ceramide is elongated rapidly to give endogenous and long-chain ceramide (35) . Fig. 1F shows that, as described previously (12), 2-h treatment with ceramide inhibits Akt phosphorylation in response to insulin without any negative effect on IRS1. However, treatment of C2C12 myotubes with C 2 -ceramide for 16 h (at 50 M, half the concentration we usually use in short-term experiments) decreased insulin-induced Akt phosphorylation and concomitantly increased IRS1 serine 307 phosphorylation ( Fig.  1F ). A loss of tyrosine 612 phosphorylation of IRS1 was also observed, indicating an inhibition of insulin-induced IRS1 activation ( Fig. 1F ). These results demonstrate that, in the long term, palmitate-produced ceramide acts negatively on IRS1.
PKR Is Activated in Insulin-resistant Muscle Cells-Although the mechanisms involved in the inhibition of Akt by ceramide are now well documented (4, (12) (13) (14) 36) , no genuine mechanism has been described to explain how ceramide prevents insulin-induced IRS1 activation in myotubes. We hypothesized that PKR could be a potential candidate to mediate ceramide effects on IRS1. PKR is mainly activated by dimerization and autophosphorylation on at least 15 different sites, but phosphorylation on threonine 451 is critical for its kinase activity (37) . In addition, activated PKR regulates its own expression through increased transcription (38, 39) . We show here that PKR mRNA ( Fig. 2A) , PKR phosphorylation on threonine 451, and protein expression ( Fig. 2B ) were all increased in muscles of HFD mice compared with control mice. In parallel, an increase in phosphorylation of both JNK and eiF2␣, two PKR direct targets, was observed in muscle of HFD mice (Fig. 2B ). As observed in HFD-fed animals, an increase in PKR mRNA (Fig. 2C) , phosphorylation, and expression ( Fig. 2D ) was observed when C2C12 myotubes were treated with palmitate for 48 h. A 16-h ceramide treatment of C2C12 myotubes induced PKR mRNA expression ( Fig. 2E ) and phosphorylation on threonine 541 but did not significantly modify total PKR expression ( Fig. 2F ). We hypothesized that cells had to be exposed to ceramide for a longer period of time to observe an effect on protein expression. Indeed, PKR expression was increased when cells were incu-bated for at least 24 h with ceramide (data not shown). As a consequence of PKR activation, both JNK and eiF2␣ were also phosphorylated in response to palmitate or ceramide (Fig. 2 , D-F).
PKR Mediates Long-term Effects of Palmitate on IRS1 in C2C12 Myotubes-To study the role of PKR in mediating the long-term effects of ceramide on insulin signaling, we used a well characterized chemical inhibitor of PKR (imoxin), an imidazolo-oxindole derivative that acts as an inhibitor of the PKR ATP-binding site (21, 40) . We verified first that imoxin does not affect ceramide biosynthesis by measuring the total ceramide concentration in the presence of palmitate (Fig. 3A) .
Then we analyzed the consequences of PKR inhibition on the IRS1 phosphorylation state in response to palmitate. Palmitateinduced IRS1 serine 307 phosphorylation as well as PKR phosphorylation and expression were prevented when PKR was inhibited (Fig. 3B) . Concomitantly, the inhibitory effect of palmitate on IRS1 tyrosine 312 phosphorylation was partially restored (Fig. 3B) .
We then treated cells directly with C 2 -ceramide to delineate the mechanism by which PKR acts on insulin signaling. Treatment of C2C12 myotubes with imoxin prevents ceramide-induced phosphorylation of PKR, JNK, and eiF2␣ ( Fig.  3C) , confirming the blockade of PKR signaling in C2C12 myotubes.
Inhibition of PKR prevents ceramide-induced inhibition of IRS1 tyrosine phosphorylation and up-regulation of IRS1 serine phosphorylation (Fig. 3D ). Analyses of IRS1 precipitates with an antibody against the regulatory 85-kDa (p85) regulatory subunit of the phosphatidylinositol 3-kinase, a downstream target of IRS1, revealed that p85 was associated with IRS1 in response to insulin but not when cells were incubated with ceramide for 16 h (Fig. 3E ). Preincubation of cells with imoxin, however, prevented the inhibitory action of ceramide on insulin-induced IRS1/p85 association (Fig. 3E ). Interestingly, inhibition of PKR activity by imoxin also counteracted, at least partially, the inhibitory action of ceramide on Akt (Fig. 3D ). We then assessed the effect of preventing ceramide-induced PKR activation on insulin-induced glucose uptake, an end point of insulin action in muscle. As shown in Fig. 3F , the inhibition of glucose uptake observed in the presence of ceramide was reversed when PKR activity was blunted.
We confirmed these results by silencing PKR using a siRNA strategy in cultured C2C12 myotubes. siRNA mediated-silencing of PKR successfully abrogated PKR protein levels and ceramide response on PKR mRNA expression ( Fig. 4A ). As observed with imoxin, PKR silencing prevented the inhibition of insulin-induced tyrosine phosphorylation of IRS1 and IRS1 serine phosphorylation induced by ceramide ( Fig.   FIGURE 1 . Effects of palmitate and ceramide on the insulin signaling pathway in muscle and cultured myotubes. A, gastrocnemius muscles from mice fed a control diet (CHOW) or HFD were extracted and lysed. Scanning densitometry was performed to quantify changes in Thr 308 Akt and Ser 307 IRS1. Error bars represent mean Ϯ S.E. from three mice. *, p Ͻ 0.05 compared with chow diet. B, C2C12 myotubes were treated for 16 or 48 h with 0.25 mmol/liter palmitate (Pal), followed by 100 nmol/liter insulin 10 min before cell lysis. C, cells were incubated with 0.25 mmol/liter palmitate for 16 -48 h, and intracellular sphingolipids species were assessed. D, C2C12 myotubes were treated for 48 h with 0.25 mmol/liter palmitate in the presence or absence of 10 mol/liter myriocin, followed by 100 nmol/liter insulin 10 min before cell lysis. E, cells were incubated with 0.25 mmol/liter palmitate for 48 h in the presence or absence of 10 mol/liter myriocin, and intracellular sphingolipids species sphinganine (SPA), total ceramides, sphingosine-1-phosphate (S1P) were assessed. Results are mean Ϯ S.E. (n ϭ 3). *, p Ͻ 0.05 compared with untreated cells. #, p Ͻ 0.05 compared with palmitate-treated cells. F, C2C12 myotubes were treated with 50 mol/liter C 2 -ceramide (C2-cer) for 2 or 16 h, followed by 100 nmol/liter insulin for the last 10 min. Cell lysates were immunoblotted with the indicated antibodies. Representative immunoblots of at least three independent experiments are shown. 4B,). In addition, silencing of PKR also partially alleviated ceramide inhibition of insulin-induced Akt phosphorylation (Fig. 4B) .
PKR Inhibition of IRS1 in Myotubes Is Mediated by JNK-
Then we analyzed how PKR could induce IRS1 phosphorylation on serine residues. A study has shown that PKR binds and phosphorylates IRS1 directly on its serine 307 residue (22) . However, we could not reproduce this data in our model (data not shown). Studies have also demonstrated the role of JNK in impairing insulin signaling by phosphorylating IRS1 on the serine 307 residue. Because JNK is a target of PKR (20, 22), we inhibited JNK phosphorylation using the FEBRUARY 5, 2016 • VOLUME 291 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 3025 JNK inhibitor SP600125 (41) and studied the consequences on the insulin signaling pathway. Incubation of C2C12 myotubes with SP600125 prevented ceramide-induced phosphorylation of JNK and its downstream target c-Jun (Fig. 5A) . Consequently, SP600125 prevented ceramide-induced IRS1 serine phosphorylation and induced insulin-induced IRS1 tyrosine phosphorylation (Fig. 5B) , demonstrating that the effects of PKR on IRS1 occur through JNK. However, no improvement of the insulin-induced stimulation of Akt was observed after treatment of cells with the JNK inhibitor ( Fig. 5B) .
Long-term Ceramide Action in Myotubes
Short-term Inhibition of PKR Does Not Prevent Ceramideinduced Akt Inhibition-We tried to figure out whether inhibition of PKR could prevent ceramide-induced Akt inhibition in the short term (2 h). Fig. 6 shows that, like in the long term, 2-h ceramide treatment induced PKR phosphorylation. However, no ceramide-induced JNK phosphorylation was observed. Therefore, as anticipated and opposite to chronic incubation, ceramide-negative action on Akt after 2-h treatment was not mediated through PKR activation because incubation of myotubes with imoxin did not prevent ceramide-induced Akt inhibition ( Fig. 6) .
PKR Mediates Long-term Effects of Palmitate on Insulin Signaling in Human Myotubes-Finally, we validated these findings in human myotubes. We first compared PKR expression and phosphorylation in cultured muscle cells isolated from control or diabetic patients. PKR mRNA levels ( Fig. 7A) and PKR phosphorylation and protein expression ( Fig. 7B) were increased in myotubes of diabetic patients compared with human control myotubes.
Then we studied the effect of chronic treatment with palmitate and the involvement of PKR on insulin signaling in cultured human myotubes. The de novo ceramide synthesis rate in human myotubes is very slow, as assessed by dosage of intracellular ceramide amounts after 24-h palmitate treatment (a 2.4fold increase in C2C12 myotubes compared with a 1.3-fold increase in human myotubes). Therefore, we slightly modified our culture conditions by incubating human myotubes with 0.5 mmol/liter palmitate for 4 days (instead of the usual 2 days) in the presence or absence of imoxin. As observed in C2C12 myotubes, imoxin blocked palmitate-induced phosphorylation of PKR and JNK in human myotubes (Fig. 7C) , and exposure of human myotubes to palmitate induced IRS1 serine phosphorylation ( Fig. 7D) as well as the inhibition of insulin-induced phosphorylation of Akt. As observed in the mouse cell line, inhibition of PKR with imoxin completely prevented the serine phosphorylation of IRS1 and partially prevented the inhibitory effect of palmitate on Akt (Fig. 7D ).
Discussion
In contrast with previous in vitro studies, we demonstrate here that the loss of insulin sensitivity observed in muscle cells during long-term saturated fatty acid or ceramide oversupply is a direct consequence of the inhibition of two critical actors of the insulin signaling pathway, IRS1 and Akt. These different results are the consequence of longer treatments with palmitate and ceramide. This allowed us to involve the activation of the JNK/PKR pathway in their deleterious effects.
We show here that PKR autophosphorylation is enhanced in several models of insulin resistance, including both palmitateand ceramide-treated myotubes and muscle from mice fed with a high-fat diet. In primary cultured myotubes obtained from type 2 diabetes patients, both PKR mRNA levels and PKR autophosphorylation are enhanced compared with myotubes from control patients. This model is attractive because it offers enough material to study insulin signaling in vitro in cells that display several characteristics of mature human skeletal muscle. Indeed, myotubes established from patients with type 2 diabetes have been shown to maintain their metabolic phenotype in culture (42) . Using this model, we show that PKR mRNA and expression levels and PKR autophosphorylation are enhanced compared with myotubes from control patients. Overall, these results are in line with in vivo data describing a potential role of PKR in the control of insulin sensitivity and glucose metabolism in muscle (20) and the fact that PKR activity is increased in muscles of obese patients (43) .
We went further ahead and show a direct link between increased PKR activity in response to ceramide produced from excess saturated fatty acids (palmitate) and insulin resistance in muscle cells. To our knowledge, this is the first time that PKR involvement in the onset of ceramide-induced insulin resistance is demonstrated in muscle cells.
Interestingly, inhibition of PKR activity or expression not only prevents ceramide inhibition of insulin-induced IRS1 activation but also reverses ceramide-induced inhibition of Akt and, therefore, prevents the lipid inhibitory action on glucose uptake. An improvement in insulin-induced Akt phosphorylation was also observed in isolated muscles obtained from PKR Ϫ/Ϫ mice treated with palmitate (20) . Together, these data suggest that, in the long term, ceramide acts negatively, preferentially through a PKR/IRS1 pathway, on insulin signaling.
When we inhibited JNK activity, we could not see the partial restoration of Akt activation in response to insulin observed when PKR activity is blunted. This result is still not clear but may be explained by the fact that, like ceramide, PKR can also activate PP2A (44) and, therefore, still inhibit Akt even when JNK activity is reduced.
Interestingly, short-term (2-h) ceramide treatment on myotubes does not involve the PKR/JNK pathway to inhibit insulin signaling in C2C12 myotubes. In this time frame, only PKR is phosphorylated in response to ceramide without any change in JNK phosphorylation state, suggesting that ceramide-induced PKR-mediated JNK phosphorylation requires more time (up to 16 h). This is not unprecedented because several studies show that incubation of myotubes from 16 -24 h is necessary to see palmitate or ceramide induce JNK phosphorylation (45) (46) (47) (48) . This result confirms previous data demonstrating that, in the short term, ceramide inhibits insulin signaling through the acti-FIGURE 8. The mechanism mediating ceramide inhibitory action on insulin signaling in myotubes. Palmitate-generated ceramide alters insulin signaling through two different ways in a time frame-dependent manner in myotubes. First, ceramide inhibits Akt via PP2A or atypical PKCs (aPKCs), and, later, ceramide acts negatively on IRS1 through activation of the PKR/JNK pathway.
FIGURE 7. Effect of PKR inhibition on chronic palmitate-induced inhibition of the insulin signaling pathway in human myotubes.
A, PKR mRNA levels in skeletal muscle obtained from three diabetic patients compared with three healthy non-diabetic subjects. *, p Ͻ 0.05 relative to non-diabetic subjects. B, PKR phosphorylation state from skeletal muscle biopsy lysates obtained from two different diabetic patients compared with healthy nondiabetic subjects. C, cultured human myotubes were incubated with 0.5 mmol/liter palmitate (pal) for 96 h before being lysed. D, cultured human myotubes were incubated with 0.5 mmol/liter palmitate in the presence or absence of imoxin for 96 h, followed by 100 nmol/liter insulin for 10 min. Cell lysates were immunoblotted with the indicated antibodies. vation of PP2A, which dephosphorylates Akt in C2C12 myotubes (16, 17) .
The implication of PKR in the long-term deleterious action of ceramide on insulin signaling may not be limited to muscle because its activation has also been demonstrated in the liver and adipose tissue of obese human patients (43) . Importantly, bariatric surgery is concomitant with weight loss and improvement of insulin sensitivity and a complete reduction of PKR activity in adipose tissue of obese individuals (43) , demonstrating a strong correlation between PKR activity and insulin sensitivity.
In summary, our study demonstrates that ceramide produced from saturated fatty acid excess inhibits the insulin signaling pathway in muscle cells by targeting, in a time-dependent manner, two important actors, Akt and IRS1 (Fig. 8) . The discovery of the involvement of PKR in the deleterious effects of ceramide strengthens the central role of this kinase as an integrator of pathogen response, inflammation, and nutrient oversupply.
